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A "phantom" was used to validate 1) estimates of dif-
ferent depths of a constant radioactivity source, and 2)
the calculation of different volumesusing a constant depth
and different attenuation coefficients. Using data from
this in vitro study, scintigraphic estimates of right ven-
tricular volume and ejection fraction were compared
with those obtained by cineangiography in 36 children
with either a normal right ventricle or various right
ventricular diseases.
The static program accurately estimates the distance
from the radiation source to the collimator surface (r =
0.99). Radionuclide count methods best predict "phan-
tom" volumes using attenuation coefficients between
0.11- 1 and 0.13- 1 em. A coefficient of 0.10- 1 under-
estimates, whereas 0.15 -I em grossly overestimates ac-
tual volumes.
Several radionuclide methods have been proposed to mea-
sure ventricular volumes noninvasively. Radionuclide tracer-
dilution curves (1-3) suffer from the technical problems of
incomplete mixing and scattered activity from adjacent com-
partments resulting in gross overestimations of actual vol-
umes (4). Geometric methods, using either first pass (5.6)
or equilibrium images (7-10), are imprecise because of
difficulty in visualizing endocardial surfaces, miniature dis-
play size of the images and the forced use of the left anterior
oblique projection with consequent ventricular long-axis
foreshortening. They are unsuitable for routine practice.
Count-based methods do not necessitate any geometric
assumptions because they derive the third dimension (depth)
from the density of radioactivity detected. Without correc-
tion for photon attenuation (11-13), these methods sub-
stantially underestimate ventricular volumes while provid-
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In vivo data were therefore analyzed using an atten-
uation coefficient of 0.11 -I with right ventricular counts
corrected using either right ventricular or left ventric-
ular background. Closest agreement between scinti-
graphic and cineangiographic volumes was obtained us-
ing right ventricular background, although end-diastolic
volumes larger than 100 ml were substantially under-
estimated. On the basis of this study, the use of two
different attenuation coefficients is suggested: the smaller
0.11-I em to calculate end-systolic and end-diastolic vol-
umes and the larger 0.15 -I em for volumes greater than
100 ml.
(J Am Coil CardioI1985;5:963-72)
ing good predictionsof contrast angiographic values. Recently,
count-based methods corrected for attenuation were used to
estimate left ventricular volumes in adults (14) and children
(7) and right ventricular volumes in adults (15). Neverthe-
less, the range of the most suitable attenuation coefficients
remains unclear.
This study was undertaken: I) to determine the best range
of attenuation coefficients for pediatric practice, and 2) to
assess the accuracy of the radionuclide estimate of the dis-
tance from the ventricular source of radiation to the surface
of the collimator. The results of these in vitro studies were
then applied to the measurement of ventricular volumes in
children with a wide spectrum of right ventricular disease.
The nongeometric count-based scintigraphic estimates were
compared with biplane contrast angiographic measurements
to determine the most suitable attenuation coefficient and
the best approach to background correction.
Methods
Rationale for the calculation of ventricular volumes
by radionuclide angiography. Both the phantom and clin-
ical studies were performed using a high resolution, parallel
0735-1097/85/$3.30
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[I]
hole collimator attached to a single crystal scintillation gamma
camera (Picker Dynacamara 4, to special purpose) inter-
faced with a dedicated nuclear medicine computer (MDS-
A2) .
Different investigators (11-15) have described the the-
oretic basis for the calculation of ventricular volumes using
nongeometric count methods to quantify the equilibrium
radionuclide data. Briefly, when complete mixing or equi-
librium has been reached, the radioactivity emitted by the
technetium-99m-Iabeled red blood cells is assumed to be
evenly distributed throughout and confined to the vascular
space (blood pool), including the cardiac chambers. If the
detectable radioactivity originating from the ventricle of
interest can be isolated from that originating in other major
vascular compartments by suitable selection of the projec-
tion angles, the total activity of the pixels constituting the
ventricular region of interest should be proportional to the
ventricular blood volume:
Ventricular volume
Total activity in the ventricular region of interest
Activity concentration of a blood sample
The total activity in the ventricular region of interest de-
pends on the count rate from within this region, corrected
for photon attenuation by the intervening tissues and the
sensitivity of the detection system. The sensitivity is the
same for both the ventricular and blood sample activities
because they are counted with the same collimator detector
system. Parallel hole collimator sensitivity is independent
of the distance of the source of radiation from the face of
the collimator, provided the source is entirely within the
collimator field of view and more than 5 ern from its surface,
where the Compton scattering effect (6) is negligible.
The count rate from the ventricular region of interest
must be corrected for attentuation [2], acquisition time and
background activity [3]:
Ventricular volume (at end-diastole or end-systole)
Count rate from ventricular region of interest/e - Ud [2]
Count rate/s per ml of blood sample
where U = assumed average linear attenuation coefficient,
which for the pediatric population seems to be = 0.11 to
0.15 -I cm, and d = distance from the ventricular radio-
activity source to the surface of the collimator (ern).
Count rate from ventricular region of interest
Total counts within the ventricular
region of interest (corrected for background)
Time (seconds) N b f I
---'--------'- x urn er 0 eye es
Acquired frame
The blood sampLeactivity must be corrected for the decay
of the radiotracer:
Count rate/s per ml of blood sample
Peripheral blood activity x e", [4]
ml of blood sample
where A = 0.693/T 1/2 (technetium-99m), T 1/2 (techne-
tium-99m) = 360 minutes and t = time (minutes) from
counting the peripheral blood sample to the midpoint of the
gated study.
Phantomstudy. The phantom study was devised to val-
idate: I) estimates of different depths of a constant radio-
activity source, and 2) calculation of different volumes using
a constant depth with different attenuation coefficients. A
plastic bucket was filled with 16 liters of I JLCi/ml solution
of technetium-99m pyrophosphate to simulate background
activity. A calibrated ribbon was stuck to its rim as a 45°
left anterior oblique diameter, a diameter traced on the gamma
camera head and a third mark on the bucket permitted re-
producible 45° left anterior oblique and anterior projections
to be obtained. The "blood pool" activity was simulated
by a flask containing a 5 JLCi/ml solution of technetium-
99m pyrophosphate in tap water. An egg-shaped flask (the
"heart") supported on a tripod with a long straight wire
inserted in its center reaching the calibrated ribbon was filled
with 200 ml of the solution from the "blood pool," im-
mersed into the 16 liter container and imaged in 45° left
anterior oblique and anterior projections. In the former view,
a technetium-99m spot marker was placed on the external
wall of the torso and superimposed over the geometric center
of the' 'heart" on the screen of the oscilloscope. Both views
were acquired for 600,000 counts at each of to different
depths, ranging from 7.7 to 12.2 cm in 0.5 em increments.
Ten different volumes were imaged by first progressively
filling the "heart" with 20 ml increments from 0 to 200 ml
of the 5 JLCilml technetium-99m pyrophosphate solution
from the "blood pool." The "heart" was placed at a con-
stant 8 ern depth from the collimator surface. A 45° left
anterior oblique 10 minute acquisition of each volume was
obtained using a simulator gated to the "R waves." Forty-
five degree left anterior oblique and anterior static images
were then recorded with a technetium-99m spot marker placed
on the external wall of the torso, as previously described.
During each different volume study, a 0.1 ml sample was
removed from the "blood pool" and counted in a well
counter, 5 em from the collimator face for 5 minutes. The
radionuclide data obtained from both in vitro studies was
processed as in the "in vivo" study.
Patient study. Between September 1982 and April 1983,
36 children (18 male and 18 female) underwent radionuclide
studies within 24 hours of a diagnostic cardiac catheteriza-
tion. Thirty-three of these children had count-based esti-
mates of right ventricular volume using right background.
Their mean age was 7.6 ± 4.7 years (0.33 to 19) and mean
body surface area was 0.95 ± 0.44 rrr' (0.32 to 1.98).
The controL group (group I) consisted of 10 children (4
male and 6 female) without apparent right ventricular dis-
ease. Three had had repair of coarctation of the aorta, three
had a structurally normal heart, two had aortic stenosis, one
had had repair of a ventricular septal defect and one had
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mitral and aortic incompetence. Their mean age was 11.9
± 4.1 years and mean body surface area was 1.30 ±
0.4 rrr'.
Group II consisted of /7 children (9 male and 8 female)
with a thick-walled right ventricle. Five had pulmonary
stenosis (peak systolic pressure gradient = 53 mm Hg),
one had concomitant aortic regurgitation, one had pulmo-
nary hypertension as a sequela of a repaired aortopulmonary
window, four with complete transposition of the great ar-
teries had undergone Mustard's operation (three) or Jatene 's
repair (one) and five had had repair of tetralogy of Fallot.
Their mean age was 6.1 ± 4.2 years and mean body surface
area was 0.85 ± 0.43 rrr'.
Group III consisted of six patients (jour male and two
female) with an atrial septal defect. ostium primum in two
and secundum in four (mean pulmonary to systemic flow
ratio of 3.4 ± 1.4 by dye dilution). Their mean age was
Figure 1. A, End-diastolic (left) and end-systolic (right) frames
showing filtered data of the right (RY) and left (LY) ventricles in
a control child (group I). In B, regions of interest have been
manually drawn around the end-diastolic (left) and end-systolic
(right) frames of the unfiltered data for the right ventricle. In C,
the phase amplitude image helps to outline the atrioventricular and
pulmonary planes in the end-diastolic frame of the right ventricle.
In D, the depth of the geometric center of the right and left ven-
tricles is calculated as the distance in pixels from the computer-
determined geometric center of the ventricles to the "hot" skin
markers (arrows). See Methods.
5.6 ± 2.6 years and mean body surface area was 0.73 ±
0.18 rrr'. Left background was also used to estimate right
ventricular volumes in 26 patients, 8 in group I, 12 in group
II and 6 in group III.
Scintigraphic study in vivo. The children underwent
imaging in the supine position after a 5 minute delay to
allow for blood equilibration of 300 to 250 p,Ci/kg of tech-
netium-99m in vitro labeled autologous red blood cells (17).
Their mean heart rate was slower during the radionuclide
study (95 ± 16 beats/min) than during cardiac catheteriza-
tion (104 ± 16 beats/min). Electrocardiographic gated im-
ages were obtained in the left anterior oblique projection
that best separated the ventricles (between 35 to 65° with
15° caudal tilt). Data were acquired in a 64 X 64 byte
matrix for 10 minutes and zoomed as appropriate for patient
size. When the patient's RR interval was regular, the data
were acquired in frame mode with 16 intervals per cardiac
cycle and when irregular in list mode and reformatted.
Before the camera was moved, two technetium-99m spot
markers were placed over the patient's chest and superim-
posed on the geometric center of the left and right ventricles
(Fig. ID). The camera was moved to the anterior projection
and a 600,000 count study acquired in a 128 x 128 byte
format with both markers "en plane." The markers were
then removed and a similar image for the same number of
counts was acquired. Immediately afterward, a 5 ml blood
sample was withdrawn from the child, positioned 5 cm from
the collimator using the same collimator-camera system and
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counted. The mean counts were 53.3 ± 31.45 counts/ml
per s (in eight children, the counts were less than 33 counts/ml
per s).
Radionuclide data were analyzed by an observer una-
ware of the results of contrast ventriculography. The end-
diastolic frame was defined as that first recorded after the
R wave of the electrocardiogram, and the end-systolic frame
was chosen by displaying a provisional end-diastolic region
of interest on a number of frames and selecting the one with
the fewest counts. After the data were fitted using a seven
point temporal 5 x 5 spatial filter (Fig. lA), right and left
ventricular regions of interest were manually drawn at end-
diastole and end-systole (Fig. IB). To help delineate val-
vular planes, both right and left ventricular end-diastolic
regions of interest were superimposed on their correspond-
ing phase and amplitude images obtained by temporal Four-
ier transformation, on a pixel by pixel basis at the patient's
heart rate (Fig. lC) (18-20), while the end-systolic regions
of interest were redefined with the aid of the cine-mode
moving image. The right ventricular-pulmonary artery val-
vular plane was drawn as described by Maddahi et al. (21,22).
Left and right background regions of interest were au-
tomatically drawn as 3 pixel wide crescent-shaped bands,
3 pixels lateral to the right and left ventricular end-systolic
regions of interest. To avoid right atrial overlapping, the
right background region of interest required more operator
manipulation than the left.
The computer calculated the right and left ventricular
end-systolic and end-diastolic volumes using formula [2]
and background-corrected right and left ventricular end-
diastolic and end-systolic regions of interest from the un-
filtered data. Distance (d) was estimated in the left anterior
oblique view between the ventricular radioactivity sources
and the collimator surface by fitting an ellipse to the re-
spective ventricular region of interest in the anterior view
and measuring the distance (d') from the computer-deter-
mined right and left ventricular count center of gravity to
the center of their respective technetium-99m point markers
(measured in pixels converted into centimeters according to
the previously determined calibration marker) (Fig. ID).
Then
d'
d in the left anterior oblique view = --:--(J'
sm
where () = left anterior oblique angle in degrees.
The estimated right and left stroke volumes were com-
pared as a ratio:
Right ventricular stroke volume
Left ventricular stroke volume
The radionuclide and angiographic stroke volume ratios were
correlated and used to differentiate children with right ven-
tricular volume overload, either because of moderate to
severe right heart valvular incompetence (~ 2 +) or sig-
nificant left to right atrial shunt (pulmonary/systemic flow
~ 1.5) from those with mild or no volume overload. Three
patients were excluded from this comparison because of
their concurrent left ventricular volume overload (23-25).
Contrast angiography. Under mild sedation, the 33
children underwent biplane right ventricular contrast cine-
angiography filmed at 60 frames/s with a Siemens biplane
unit, I mllkg of 75% meglumine diatrizoate injected at 0.5
ml/s through a side hole balloon catheter, with the balloon
inflated and placed in the mid right ventricular inflow tract.
All ectopic and postectopic beats were excluded from anal-
ysis. Likewise, pulmonary arteriography was systematically
performed in the patients who had had previous repair of
tetralogy of Fallot, and cardiac output was calculated in 26
children by multiple indocyanine green dye-dilution curves.
During cineventriculography, the electrocardiogram, frame
signals and phonocardiogram from the second left inter-
costal space were simultaneously recorded at 200 mrn/s. At
the end of each study, a I em square metallic grid was
filmed in anterior and lateral projections at the assumed level
of the right ventricular mid cavity region center.
Right ventricular volumes were calculated by an observer
unaware of the radionuclide data, using biplane Simpson's
rule and correcting for X-ray magnification and ventricular
trabeculation (26). The end-diastolic frame was that cor-
responding to the R wave of the electrocardiogram, and
end-systole was assumed to be the smallest right ventricular
silhouette immediately preceding the pulmonary component
of the second heart sound. The stroke volume (SY) ratio
was calculated as
s _ Angiographic right ventricular stroke volume
V - Forward stroke volume by dye dilution
The severity of the valvular incompetence was graded on a
oto 4 + scale as commonly used (27).
Reproducibility. Within an interval of several months,
the radionuclide data from II randomly selected children
were reanalyzed by the initial observer and by a second
individual unaware of the cineangiographic and previous
radionuclide results. Intra- and interobserver variability were
determined as the percent error from the average of the
duplicate measurements by the first or both observers,
respectively.
Statistical analysis. Simple least square regression anal-
ysis was used to compare estimated versus actual measure-
ments in the phantom study, and the radionuclide right ven-
tricular volumes versus their corresponding biplane
angiographic values. The slopes of the regression lines were
tested against the identity lines using the t test. The cor-
relation coefficients were compared using the t test on their
z transformation (28). Differences between angiographic
and radionuclide estimates were tested with the paired t test.
After Barlett's assessment of common variance, covariance
analysis was used to compare the different slopes. Multiple
lACC Vol. 5, No.4
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Figure 2. In vitro studies. A, Estimated
volumes of phantom heart compared with
actual volumes using five different atten-
uation coefficients: • = no coefficient;
• = 0.10;. = 0.11; 0 = 0.13; 0 =
0.15;6 = 0.16, all expressed in -I cm.
B, The errors are plotted against actual
values; only attenuation coefficients (u)
0.11 -I and 0.13 -I em are close to iden-
tity, while all of them show exponential
increases with volume.
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regression and covariance analyses (29) were also performed
to test for confounding procedural variables (such as blood
sample counts, ventricular size, zoom magnification and
patient's body surface area) that may interact in the com-
parison of radionuclide and angiographic volume estimates.
Radionuclide accuracy was defined as the absolute dif-
ference between biplane cineangiographic (Cine) value and
the radionuclide estimate. Percent measurement error was
calculated as follows:
Corrected cine value
Cine value - Radionuclide estimate
------------ x 100,
Cine value
and its average yielded the mean percent error. The radio-
nuclide accuracy and mean percent error among the different
subgroups and measurements were compared using one way
analysis of variance, and when the F test was significant,
the Waller-Duncan's multiple intergroup comparison set at
0.05 a level was used to test differences between groups.
Sensitivity and specificity were calculated according to con-
ventional practice (29).
Results
Phantom data. The present method accurately esti-
mates the distance from the assumed geometric center of
radiation to the collimator surface (r = 0.99, p = < 0.005).
Figure 2A shows that the radionuclide count method ac-
curately predicted the actual volumes of radiotracer within
the "heart" (r = 0.99, P < 0.001), but only the attenuation
coefficients between 0.11 -I and 0.13 -I cm yielded slopes
close to I, whereas 0.1 - 1 em or no attenuation coefficient
substantially underestimated actual volumes (9.23 ± 7.67
and 48.53 ± 9.10%), and values of 0.15 - I cm or greater
grossly overestimated them (39.57 ± 14.23 and 49.19 ±
14.57%). The residual plot versus actual volumes (Fig. 2B)
shows that the errors grow exponentially. Furthermore,
whereas the attenuation coefficient of 0.11 - 1 ern slightly
overestimates volumes smaller than 100 ml, it underesti-
mates volumes larger than 100 mI.
"In vivo" study. There was excellent overall correla-
tion between scintigraphic and cineangiographic data llsing
an attenuation coefficient of either 0.11 - I em for right
(r = 0.91, P < 0.001, SEE = 13 ml) and left (r = 0.87,
p < 0.00 I, SEE = 13.2 ml) backgrounds or of O. 15- 1 cm
for right (r = 0.9, P < 0.001, SEE = 15.5 ml) and left
(r = 0.89, P < 0.001, SEE = 12.9 ml) backgrounds. As
the phantom data had shown that a 0.11 -I em attenuation
coefficient yielded volume estimates closer to the actual
volumes, the scintigraphic data were analyzed using this
coefficient (Table 1*).
Right ventricular end-diastolic volume (Table 1, Fig.
3). The scintigraphic mean estimate of right ventricular end-
diastolic volume using right background (61.7 ± 34.4 ml)
was similar to the corrected biplane mean angiographic value
(65.0 ± 40.0 ml) with only a 6% underestimation (Tabie
I). Figure 3C and D show good overall (r = 0.89) and
partial predictions for groups I (control) and II (right ven-
tricular hypertrophy) (r = 0.92) while results are less good
for group III (atrial septal defect) (r = 0.66). The mean
absolute difference between the estimates of both techniques
was 13.8 ml and the percent error was 23.5% (Fig. 3D).
When left background was used, the underestimation of
the angiographic mean right ventricular end-diastolic vol-
ume (66.7 ± 41.4 ml) by the radionuclide method (57.1
± 28 ml) (p = NS) was larger (14%). The overall and
partial predictions were good (Fig. 3), although the slopes
for both the overall and the subsets were significantly less
than identity and than their right background counterparts
(Table I). The mean radionuclide accuracy (14.9 ml) and
percent error (20%) were low but the trend to underestimate
*Tables I through 3 are available from Dr. Olley on request.
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Figure 3. Correlation between radionuclide right ventricular (RV)
end-diastolic volume (EDV) and contrast angiographic (ANGlO )
volume using left background (A) and right background (C). In
Band D, partial correlations are shown for control (group I) (•.. ..•),
volume overload (group Ill) (•. . ..•) and pressure overload (group
II) (. . .. '. ). The residuals are evenly distributed on both sides of
the identity line. Data calculated using an attenuation coefficient
of 0.11 - 1 em. MPE = mean percent error.
was more evident (Fig. 3B). Furthermore, covariance anal-
ysis failed to prove a common fit in slope (p < 0.05) and
intercept (p < 0.01) .
Right ventricular end-systolic volume (Table 1, Fig.
4). Radionuclide right ventricular end-sy stolic volume us-
ing right background (28.6 :±: 17.3 ml) overestimated the
angiographic equivalent (26 .1 :±: 18.9 ml) by only 9% (p
= NS). The overall and partial prediction s were excellent
for groups I and II, but not in group III (children with an
atrial septal defect) (r = 0.36 , p < 0.05) (Fig. 4C and 0).
The radionuclide accuracy (7.6 ml) was better than for right
ventricular end-diastolic volume estimates (p < 0.05), but
the largest mean percent error (66 .9) occurred in group III
(Fig. 40) .
The angiographic (26 .1 :±: 18.9 ml) and scintigraphic
mean estimates of right ventricular end-sy stolic volume us-
ing left background (26.4 :±: 14.1 ml) agreed closely with
acceptable overall and partial predictions for subsets I and
II (Fig . 4A and B); yet the overall slope was significantly
less than 1 and than its right background equivalent (p <
0.05) (Fig. 4B) . The exclusion of group III from the com-
parison of estimated right ventricular end-systolic volumes
did not improve prediction or modeling, whichever back-
ground was considered.
Right ventricular stroke volume (Table 1, Fig. 5). The
right background scintigraphic mean stroke volume (33 ml)
underestimated the mean angiographic values (39.7 ml)
(p < 0.05) by 16.8%. The overall prediction was good
(r = 0.87); however, the slope was less than 1 (0.69, P <
0.05) (Fig. 5C).
The left background radionuclide mean stroke volume
(30.7 ml) was 23.5 % smaller than the mean angiographic
equivalent (40. 14 ml) (p < 0.05). Overall predictability was
good (r = 0.85), yet the slope (0 .52) was less than identity
and less than its right background counterpart (Fig. SA).
Using either right or left background, the prediction was
better for groups I and II than for group III (Fig . SA and
0 ), and the slopes were higher with right than with left
background estimates . Covariance analysis suggested a
common model for any background used .
Comparison of 0.11 - 1 versus 0.15 -I em attenuation
coefficients (Table 2). Stepwise inultiple regression anal-
ysis showed that left background estimates of right ventric-
ular end-systolic and stroke volumes interacted with pro-
cedural variables such as body surface area (p = 0.032 and
0 .062 , respectively) and blood sample counts (p = 0.039) .
Furthermore, the phantom study had shown that the 0.11 - I
em attenuation coefficient underestimated volumes of 100
lACC Vol. 5, No.4
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ml or larger. Comparisons for children whose body surface
area was larger or smaller than the mean (0.95 rrr') , children
with right ventricular end-diastol ic volume larger or smaller
than 100 ml and blood sample count above or below 33
count s/ml per s are shown in Table 2.
Predictions of angiographic right ventricular end-dia-
stolic volume were similar in children whose body surface
area « 0 .95 rrr') (r = 0.79) compared with those with
larger surface area (r = 0.93), although in the latter, volume
was significantly underestimated (slope = 0.77, P < 0.05) .
End-systolic volume was predicted better in the larger (r =
0 .93) than in the smaller children (r = 0 .67 , P < 0. 02)
because the latter included the patients with an atrial septal
defect (group III). In children whose right ventricular end-
diastolic volume was larger than 100 ml, prediction of both
end-diasto lic and end- systolic angiographic estimates was
good, but the slopes were significantly less than identity (p
< 0 .05 ) (Table 2). In addit ion , blood sample count statistics
abo ve 33 counts/ml per s yielded better agreement than those
below (slopes 0 .87 versus 0.65 , p < 0.02) .
When a 0.15 - 1 em attenuation coefficient was used to
estimate radionudide right ventricular end-diastolic volume
in children with a body surface area greater than the mean
and in those whose right ventricular end-diastolic volume
was greater than 100 ml, the predict ions (from r = 0.79 to
0 .83, and r = 0.82 to 0.84 , respectively) and the models
(from slope 0.77 to 0.89 and 0.5 3 to 0.88, respectively)
improved , whereas in the smaller children and in those with
Figure 4. Correlation between radionuclide and contrast angio-
graphic right ventricular end-systo lic volume (ESV) using left and
right backgrounds. A and C show overall values and B and D
show data for subsets (groups [ to III). Symbols as in Figure 3.
a right ventricular end-d iastolic volume less than 100 ml,
the O. 15- I cm coefficient tended to overestimate (slopes
from 0.83 to 1.06, and 0.88 to 1.01, respectively). The
adverse effect of using O.15- 1 instead of O. I I - I on the
prediction of right ventricul ar end-systolic volume was es-
pecially noticeable in I) small children (from r = 0.67 to
0.63), 2) those with smaller right ventricular end-diastolic
volume (r = 0 .56 to 0 .51), and 3) those with a larger right
ventricular end-diastolic volume (r = 0.9 1 to 0.61). The
general trend was to overestimate (Table 2).
Reproduclbility. Table 3 shows that the intra- and in-
terobserver reprodu cibil ities for the scintigraphic estimates
of both right and left ventricular end-sys tolic and end-di a-
stolic volumes were excellent with low mean percent errors.
Similar good agreem ent was observed in the calculation of
both ventricular distances to the surface of the collim ator.
Left background yielded lower interobserver variability (r =
0.88, mean percent error = 11 %) than right background
(r = 0.7, mean percent error = 22%).
Quantitation of right ventricular volume overload by
radionuclide angiography. Figure 6 demonstrates that the
scintigraphic right ventricular/left ventricular stroke volume
ratio distinguished the nine control children without appar -
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Figure 5. Correlations between radionuclide and contrast angio-
graphic right ventricular stroke volume (RV-SV). Data displayed
as in Figures 3 and 4 using the same symbols. The residual plot
shows a trend to fall on the positive side of the identity line
(underestimate).
ent right ventricular disease (1.05 ± 0.28) and the five with
isolated pressure overload (I. 17) from the three patients who
had undergone Mustard's procedure (1 .8), the six patients
who had undergone repair of tetralogy of Fallot (1 .6) and
the six patients with atrial septal defect (2 .07) (p = 0.027 ).
The 95% confidence limit for normal radionuclide right
ventricularlleft ventricular stroke volume ratio ( 1.6l) cor-
rectly classified 17 children without cli nically significant
right ventricle volume overload and misclassified 3 children.
On the other hand , significant right ventricular volume over-
load was properly diagnosed in 10 children. The sensitivity
of the method was 77% (10 of 13) and speci ficity 100%
(17 of 17). Furthermore , the six children with severe right
ventricular volume overload (angiographic right ventricular
stroke volume ratio > 2.3) had a larger mean scintigraphic
right ventricular stroke volum e ratio (2 .26 ± 0.54) than the
seve n with moderate overload ( 1.65 :!: 0 .3 1) (p < 0.025) .
Discussion
This study demonstrates that the radionuclide count-based
angiographic method is an easy, accurate and reproducible
way to quantify ventricular volumes in children. Since the
third dimension is obtained from the count density within
the region of interest , it is part icularly suitable to quant itate
volumes of the right ventricle or a ventricular aneurysm in
which geometric methods are inaccurate . It is sufficiently
sensitive to detect the presence and severity of unilateral
ventricular volume overload when the estimated right and
left stroke volumes are compared.
Corrections for attenuation. Previous investigators
(11-13) have shown that count-based methods without cor-
rections for attenuation accurately predicted (r = 0 .82 to
0.98) but substantially underestimated actual volumes (slopes
= 0. 13 to 0.1 4). Links et al. (14) working with adult pa-
tients and Parr ish et al. (7) with children introduced different
attenuation coefficients (0 . 15 - t and 0 . 10- 1 ern , respec-
tively) to obviate this problem . Our " phantom" study in-
dicates that although attenuation coefficients of 0 .10 - I ern
or less substantially underestimate actual volumes, the use
of 0 . 15 - I em or more causes significant ove restimates (Fig .
2A) . It also demonstrates the nonlinearity of the errors in-
troduced by the photon attenuation (Fig. 2B). While a coef-
ficient of O. II - I em may be suitable in ventricles less than
100 ml, larger coefficients are required for larger volumes.
The clinical data strongly supported the "in vitro" ex-
perience. The 0 .11 - I ern attenuation coefficient substan-
tially underestimated right ventricular and end-diastolic vol-
umes larger than 100 ml (Table 2) . But the "in vitro" study
could not completely mimic the clinical setting because in
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Figure 6. Radionuclide angiographic (ANGlO) right ventricu-
larlleft ventricular stroke volume ratio (RV/LV SVR) for five pa-
tient subsets with their mean values ± I SO. The dotted line
denotes the 95% confidence limit for normality. ASO = atrial
septal defect ; Post-op = postoperative; TGA = transposition of
the great arteries; * = Mustard operation; ~ = arterial switch; t:::.
= primum defect ; .. = secundum defect.
patients with a body surface area greater than 0 .95 m2 their
angiographic end-diastolic volume was significantly under-
estimated evcn if it was smaller than 100 ml , The use of a
larger attenuation coefficient (0 . 15 - I ern) improved the pre-
dictability of the scintigraphic est imate s of right ventricular
end-diastolic volume, but reduced the accuracy of prediction
of right ventricular end-systolic volume in children with
either a large or small ventricle and in those with small body
surface . In addition, because the general trend is to under-
estimate end-diastolic and overestimate end-systolic vol-
umes , the use of two different attenuation coefficients with in
the O.II - I and O. 15- I cm range seem s reasonable, the
smaller to ca lculate end-systol ic volumes and the larger for
end-diastolic volumes. That polic y may correct the tradi -
tionall y observed undere stimat ion of ejection fraction by
radionuclide angiography (21,22,30) .
Methodologic considerations. Because the errors intro-
duced by photon attenuation grow exponentially (Fig. 2B),
the use of simple linear regressions validated by angio-
graphic data as proposed by Parrish et al. (7) cannot be
directly applied unles s log transformation of the radio-
nuclide estimates with the subsequent problem of extrap o-
lating back to nonlogarithmic values is done . It seems pref-
erable to define safe attenuation coefficient ranges for different
body surface areas and ages since the progressive calcifi -
cation of the costal cartilages and loss of body water with
aging may gradually increase the degree of photon attenuation.
Right ventricular end-diastolic and end-systolic regions
of interest are outlined by hand to exclude the right atrial
•
contribution of right ventricular activity. The general trend
to slightly underestimate right ventricular end-diastolic vol-
ume and overestimate end-systolic volume may be partially
due to the effect of the attenuation coefficient. Although the
endless movie play back and forth method undoubtedly helped
delineate the end-systolic region of interest in children with
a normal-sized right atrium , it proved less consistent with
those with an atrial septal defect and a large right atrium at
end-systole . The problem in these patients is to recognize
the atrioventricular plane in end-systole . Although the tech-
niques of image subtraction or phase analy sis (18-20) may
help delineate the plane during diastole , they are not ap-
plicable at end-systole .
Theoretically, the background activity contributing to
right ventricular counts arises from the pulmonary bed and
from scatter radioactivity contained within the left ventricle
and right atrium (21) . The use of left background may
account for the two former conditions , but the latter is better
represented by the right background and its use is more
appropriate in the presence of right atrial enlargement . In
our study, more operator manipulation was required to ob-
tain the right background than to obtain the left , which was
reflected by its slightly lower interobserver reproducibility.
The left background estimates were consistently smaller
than the right background values and multiple covari ance
analysis showed signific ant interaction of procedural vari-
ables with left background end-systoli c and stroke volumes .
Thus, although the use of left background is safer in less
trained observers , right background offers better results in
experienced hand s.
Radionuclide right ventricular/left ventricular stroke
volume ratio. Several researchers (23- 25) have proposed
a left ventr icular/right ventricular stroke count ratio to quan -
titate left ventricular volume overload in the absence of
concurrent right ventricular volume overload. Similarly, this
study shows that a radionuclide right ventricular/ left ven-
tricular stroke volume ratio greater than 1.6 correctly iden-
tified 10 children with clinically significant volume overload
from the 17 without , but misclas sified 3, resulting in 77%
sensitivity . Conversely , a scintigraphic right ventricular/left
ventricular stroke volume ratio under the 95% confidence
limit yielded 100% specificity (Fig. 6). Moreover , the six
children with more severe right ventricular/left ventricular
volume overload had a higher mean scintigraphic right ven-
tricular/left ventricular stroke volume ratio than the seven
with moderate volume overload. Thus, the right ventricu-
lar/left ventricular stroke volume ratio is sensitive and spe-
cific for the diagno sis of clin ically significant right ventri c-
ular volume overload . It can distinguish the more seve re
forms in the absence of concurrent left ventricular volume
overload .
Clinical implications. The data presented in this study
prove that the scintigraphic count-based method can eas ily,
accurately and reproducibly measure right and left ventric-
•
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ular volumes in children of all sizes with a wide spectrum
of right ventricular disease, although estimates of end-sys-
tolic volume in patients with atrial septal defect are less
accurate.
The photon attenuation of a bulk source of radioactivity
is not linear, being larger in children (and probably adults
as well) whose body surface area exceeds 0.95 rrr' and in
children with a ventricular volume larger than 100 rnl. For
the pediatric population, an attenuation coefficient range
between 0.11 - I and 0.15 - I cm and a blood sample activity
of 33 counts/ml per s or more is recommended. In expert
hands, right ventricular background appears to be superior
to left ventricular background to correct right ventricular
region of interest activity for volume calculation. However,
use of the left ventricular background is more reproducible.
In the absence of concurrent left ventricular volume over-
load, the comparison of scintigraphic right and left stroke
volumes can differentiate patients with no or mild right
ventricular volume overload from those with moderate to
severe forms and within the latter, those with moderate from
those with severe.
In conclusion, the combined radionuclide estimates of
right and left ventricular ejection fractions and end-diastolic
and end-systolic volumes at rest and during peak exercise
offer a practical and promising noninvasive assessment of
ventricular function.
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